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The present invention relates to a compound lens for use in arrays of 
lenses and in particular to a compound lens for use in arrays of lenses 
or for use in projectors arranged in an array in multi-perspective 
autostereo projection systems. 

In known multi-oerspective autostereo projection systems the images 
from a plurality of projectors which show different perspective views of 
an object are projected onto a direction selective projection screen, such 
as a field lens. Such screens have the characteristic of re-forming the 
array of images of the projector lens exit pupils in a viewer space" so 
that each viewer of the screen sees a stereo image pair and accordingly 
sees a three dimensional image. Thus, if a viewer horizontally crosses 
between adjacent images, the three dimensional image changes 
discontinuously or flips". A nroblem with this type of display is that the 
images seen by the viewer are separated by dark regions associated 
with gaps between the projection lenses. 

In a pacer entitled "Autosterecsccpic 3D-imaging by front and rear 
projection and on fiat panel displays" by R Borner which was published 
in "Displays'. Volume 14. Number 1. 1993 by Butterworth-Hetnemann 
Ltc. this problem is tacKled by overlapping the exit pupils of the projector 
lenses by using at least two vertically spaced layers of projectors lenses 
horizontally off-set with respect to eacn other. In this way the axis of an 
exit pupil cf a projector 'ens ir. a first layer will : ie in a horizontal plane 
located between the axes of the exit pupils cf two adjacent projector 
'enses in a second layer Tne 'mages of the projector lens exit pupils 
'rem afferent layers can be overlapped in the "viewer space" using 
lenticular screens in o r ce- tc eradicate dark regions between the images 
in the 'viewer scace " A similar apcrcacn <s usee n a oaoe- entitled "An 
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autostereoscopic real-time 3D display system" by G. Bader. E. Lueder 
and J. Fuhrmann published in Euro Display '96 The resulting display 
apparatus using such multi-layer arrangements can oe ove r !y complex 
and the use of lenticular arrays to spread out the exit pupil image can 
affect the projected picture quality. 

In a paper entitled "Muttiperspective autostereoscopic display" by 
Gordon R. Little, Steven C. Gustafson and Vasiliki E. Nikolaou 
published in SPIE Volume 2219 Cockpit Displays (1994). the problem of 
gaps between adjacent images in the viewer space" is solved by using 
a pupil forming screen which comprises a Fresnel lens and a lenticular 
array to spread out each image in the "viewer space" to remove any 
gaps between adjacent images. This again has the disadvantage of 
affecting the projected picture quality by reducing the resolution of the 
display. 

In W098/43441 an autostereo projection system is provided which uses 
multiple projectors to form an essentially seamless and extended field of 
view. Each projector is registered to a CRT display ana shutter 
elements in each projector create multiple pupils for each CRT display. 
Each CRT display is driven with different images for each shutter pupil. 
Seam;essness is promoted by the use of a tunable optical diffuser as 
part of a common lenticular viewing lens. In W098M3441 the adjacent 
compound lenses of the projectors abut, however, the exit pupils of the 
compound 'erses do not abut, which results in dark spaces between 
adjacent images in the viewer space which are reduced by the use of 
the diffuser 

T h e present nventicn a.ms to overcome at least some of the problems 
discussed above by providing a compound -ens fo r use in arrays of 
ierses wnich substantially eliminates the problem of dark spaces 
c etwee n images in the "viewer space" w'thout requiring over-complex 
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display arrangements and without reducing the resolution of the image 
seen by the viewer. 

According to a first aspect of the present invention there is provided a 
5 compound lens for use in an array cf such lenses comprising at least 
two lens elements including a f ront lens element having a front lens 
surface which is the largest diameter lens surface in t.ne compound lens, 
wnerein the exit pupil of the compouna lens is bounded by and lies in 
the plane of the edge of said front lens surface. In such a compound 

10 lens the exit pupil lies at the front of the compound lens at the largest 
diameter lens surface of the compound lens which means that in an 
array of such compound lenses, adjacent abutting lenses will have 
adjacent abutting exit pupils. Thus, there will be no gaps between the 
exit pupils of adjacent compound lenses and so the present invention 

15 can be used to eliminate the problem of dark spaces between images in 
the "viewer space" in autostereo projection systems. The compound 
iens according to the present invention is of use in any application 
requiring tne use of arrays of lenses with abutting exit pupils. 

20 The aperture stop may be located within the front iens element of the 
compound lens. Preferably, the aperture stop of the lens lies in front of 
the lens element(s) of the comoound lens other than the front lens 
element as this improves the symmetry of the lens arrangement about 
the aperture stop and helps to reduce coma, distortion and transverse 

25 colour in tne compound lens. The aperture stop of the compound lens 
may lie in a plane which intersects the ootical axis of the compound iens 
at the rear lens surface of the front lens element. 

The front tens eiement may itself ce a comoound lens or alternatively 
30 ccuici comprise a single : ens. It is Drefe r red that the ^ear lens surface of 
tne front lens element is concave and further that tne front ^ens surface 
cf the front lens element *s ccnvex 
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In a preferred arrangement the front lens element is the largest diameter 
lens element in the compound fens. 

Tne first aspect of the present invention relates to a compound lens with 
5 its exit pupil located at its last (or front) surface with the edge of the exit 
pupil being the intersecting ring of the plane where the exit cupil is 
located and said last surface. The diameter. of the exit pupil defines the 
largest diameter of the compound lens and the radius of the exit pupil is 
larger than or equal to all the ray heights traced through the compound 
10 lens without vignetting. Thus, several such compound lenses can be 
arranged in an array so that their exit pupils abut so that there will be no 
dark zone when this compound lens array is used as the projection lens 
array in a multi-projector autostereoscopic display. 

15 According to a second aspect of the present invention there is provided 
a projector for use in an array of such projectors comprising a 
compound lens according to the first aspect of the present invention. As 
discussed above such a projector can be used in an abutting array of 
such projectors in an autostereo projection system in order to eliminate 

20 gaps between images in the viewing space" of the system. 

According to a third aspect of the present invention there is provided an 
autostereo projection system comprising an array of projectors 
according to the second aspect of tne present invention. 

25 

According to a fourth aspect of tne present invention there is provided a 
method of designing a compound ens f or use in an array of such lenses 
comprising the steps of: 

30 defining the material o* a front lens element of tne 

compound iens. :he diameter cf a front ens surface of the 
frcr: 'ens element, tne radius of curvature of the front lens 
surface anc a "ear ers surface of the f r ont ( ens element 
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and defining the location of an exit pupil of the compound 
lens arrangement to be bounded by ana in the p,ane of the 
edge of said front lens surface. 

5 based on the above defined parameters, tracing the 

location and magnitude of an aperture stop of the 

compound lens by tracing the marginal rays through the 
front lens element using ray tracing means. 

10 repeating the above steps until the marginal ray heights 

through the front lens element are highest at the exit pupil, 
and then fixing the above defined parameters, 

defining the diameters of the remaining lens surfaces of 
15 the compound lens to be less than that of the front lens 

surface of the front lens element and defining the 
functionality of the compound lens. 

using ray tracing means to design the remainder of the 
20 compound lens, in such a way that the remaining lens 

surfaces do not alter the relationship between the exit 
pupil and the marginal ray neight through tne front lens 
e'ement defined above. 

25 Preferably, the parameters defined in the first steo of the method are 
only fixed when tne diameter of the aperture stop is less than the 
diameter of the exit pupil. 

This method can be used to design a compound lens according to the 
30 fi r st aspect of the oresent invention and wrich wil have the advantages 
associated with the first asoec: of the oresent invent cn. 
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The term marginal ray is used generally to describe those rays which 
pass through the edge of an aperture stop or an entrance or exit pupil of 
a lens system. The marginal ray is that ray wnich s the highest (ie. 
moves furthest away from the optical axis) amongst the rays traced 
5 through a lens system from an object point. In a compound iens 
according to the present invention the marginal rays will pass through 
the edge of the exit pupil, because the exit pupil is real. 

Preferably, the step of defining the diameter of the front lens surface of 
10 the front lens element comprises the step of defining the diameter of the 
front iens element. 

Preferably, the step of defining the functionality of the compound lens 
comprises the step of defining the compound lens as a finite conjugate 
15 lens with specified object and image distances as such a compound 
lens would be suitable for use in a projector of an autostereo projection 
system Alternatively, the compound lens could be defined as a finite- 
infinite conjugate lens element. 

20 For the purposes of the present invention the aperture stop shall be 
defined as the image of the exit pupil. 

The present invention will now be described by way of example only 
with reference to the accompanying figures in which: 



autostereo display system using a direction selective projection screen 
and an array of projectors each comprising a compouna lens according 

to the present invention. 



autostereo display system using a field lens ana an a r ray p r ojectcrs 
eacn comcrising a ccmcound lens according to the present invention. 



25 



Figure 1a shows schematically a multi-perspective 



30 



Figure lb shows schematically a mUti-perspective 
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Figure 2 shows a first embodiment of a compound lens 
according to the present invention. 
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Figure 3 shows a plot of the modulation transfer function of 
the compound lens of Figure 2. 

5 Figure 4 shows an upper portion of the front lens element 

of the compound lens of Figure 2. 

Figure 5 shows a second embodiment of a compound lens 
arrangement according to the present invention. 

10 

Figure 6 shows a third embodiment of a compound lens 
arrangement according to the present invention. 

Figure 7 shows the method steps involved in designing a 
15 compound lens arrangement according to the present invention. 

Figures 1a and 1b show multi-perspective autostereo display systems in 
which three projectors (2,4,6) each project an image taken from a 
different perspective of an object or scene Each projector (2,4,6) 

20 comprises a respective compound lens arrangement (12, 14. 16) in 
accordance with the present invention which is designed as described 
below so that the exit pupil of each lens coincides with the front surface 
of the lens and so that the front element of the lens has the largest 
diameter. This means that the exit pupils of the compound lenses 

25 (12,14,16) can be located adjacent each other so that they touch, thus 
eliminating any gaps between the exit pupils of adjacent projector 
lenses (12,14,16). 

A direction selective projection screen (8a) in Figure 1a or a field lens 
30 (8b) in Figure 1b re-forms the images of the projector lens exit pupils in 
the viewer space to form images (22.24,26) and as can be seen from 
Figures 1a and 1b adjacent ones of these images also touch each other 
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to eliminate gaps between adjacent images in the "viewer space". A 
viewer (10) located in a first viewing position sees image (22) from 
projector (2) in one eye and image (24) from projector (4) showing the 
same object or scene from a different perspective in the other eye so 
5 that the viewer sees a three dimensional image from a first perspective. 
If the viewer were to move his or her head to the left in Figure 1a or 
upwards in Figure 1b to a second viewing position so that he or she 
sees image (24) from projector (4) in one eye and image (26) from 
projector (6) in the other eye so that he or she would see a three 

10 dimensional image of the object or scene from a second perspective, in 
moving from the first to the second viewing position the three 
dimensional image viewed would flip between the first and the second 
perspective, but there would be no dark spaces between the different 
images viewed by the viewer (10) because there is no gap between 

15 adjacent images (22) and (24) or adjacent images (24) and (26). 

Accordingly, it can be seen that the compound lens arrangement 
according to the present invention enables the projectors (2,4,6) to abut 
so that there is no drop off in illumination between viewing zones 
20 (22,24,26). This provides a simplified, single layer projector 
arrangement without prejudicing the resolution of the images (22,24,26) 
in the "viewing space". 

In order to be able to locate compound lenses in an array so that their 
25 edges touch it is not the aperture stop of the lenses which must abut, 
but the exit pupil of the lenses. The exit pupil is generally defined as an 
image of the aperture stop as seen from the image side (or in the image 
space) of the lens In conventional lens designs the exit pupil is a virtual 
image formed deep inside the lens, close enough to the aperture stop 
30 that there is little difference between the two. However, if the lens 
elements in the compound lens between the aperture stop and the exit 
pupil are appropriately chosen it is possible for the edges of the exit 
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pupil to coincide with the edges of the front surface of the compound 
lens. If this front surface of the compound lens is the largest diameter 
part of the compound lens, even though the position of the aperture stop 
remains within the body of the lens, the exit pupil of adjacent lenses can 
5 be made to abut. It should be noted that with this compound lens 
arrangement there are lens elements to both sides of the aperture stop 
and so lens elements to one side of the aperture stop are able to 
compensate for aberrations to the other side of the aperture stop within 
the compound lens. It then remains to ensure that the lenses behind 
10 the exit pupil all have diameters smaller than the exit pupii in order 
physically to allow the exit pupils of adjacent lens arrangements to abut. 

Figure 2 shows a first embodiment of a compound lens (30) designed in 
accordance with the present invention. The lens is designed using a 
15 lens design software Code V available from Optical Research 
Associates, 3-80 East Foothill Boulevard, Pasadena, California 91107, 
USA which uses ray tracing algorithms. 

The Figure 2 compound lens (30) comprises four lens elements 
20 (32,34,36,38) and has an effective focal length of 25mm, an F-number 
of 2.5 and a field angle of 20 degrees. The aperture stop, is located in 
the plane (40) shown in dotted lines (ie. in the plane perpendicular to the 
optical axis (42) of the lens (30) at the point where the principle ray (44) 
crosses the axis (42)). It can be seen that the lens (30) is not symmetric 
25 about the aperture stop and so the lens (30) has a high order coma 
sufficient to get an aberration of 0.05mm at a field angle of 10 degrees. 
Despite this the lens (30) is approximately achromatic and its 
modulation transfer function at 30 cycles/mm is at least 0.5 for any field 
point (See Figure 3). 



In Figure 2 there are four lens elements (32.34,36,38) comprising eight 
lens surfaces (a to h). The lens element (32) is the front lens element 
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and faces towards the screen (8a) or field lens (8b) in the arrangements 
of Figures 1a and 1b respectively. The front lens element (32) is made 
of F5 SCHOTT glass and has a front surface (a) with a radius of 
curvature of 10.00mm and a rear surface (b) with a radius of curvature 
5 36.89mm and a thickness along its optical axis (42) of 2.00mm. 
Abutting the rear surface (b) of the front lens element (32) is a second 
lens element (34). The second lens element (34) is made of PSK53A 
SCHOTT glass and has a front surface (c) with a radius of curvature 
10.14mm and a rear surface (d) with a radius of curvature -22.06mm 

10 and a thickness along its optical axis (42) of 5.10mm. It shouid be noted 
that the principle ray (44) crosses the optical axis (42) of the compound 
lens (30) at the interface between the rear surface (b) of the front lens 
element (32) and the front surface (c) of the second lens element (34) 
and so the aperture stop of the compound lens (30) lies in the plane 

15 (40) perpendicular to the optical axis (42) and which intersects the 
optical axis (42) at said interface A third lens element (36) is located 
behind the rear surface (d) of the second lens element (34) at a 
distance along the optical axis (42) of the lens elements of 0.10mm. 
The third lens element is made of SF4 SCHOTT glass and has a front 

20 surface (e) with a radius of curvature -18.36mm and a rear surface (f) 
with a radius of curvature of 5.79mm and a thickness along its optical 
axis (42) of 0.55mm. A rear lens element (38) made of SF4 SCOTT 
glass is located behind the rear surface (f) of the third lens element (36) 
at a distance along the optical axis (42) of the lens elements of 6.05mm. 

25 The rear lens element (38) has a front surface (g) with a radius of 
curvature of 14.63mm and a rear surface (h) with a radius of curvature 
of 62.17mm and a thickness along its optical axis (42) of 6.00mm. 

The exit pupil of the compound lens (30) is located in the plane (46) 
30 shown in dotted lines in Figure 2 and is bounded by the circumference 
of the front surface (a) of the front lens element (32). This can be seen 
more ciearly in Figure 4 which shows an upper portion of the front lens 
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element (32) with the aperture stop, which is a virtual image of the exit 
pupil lying in the plane (40). In the absence of the f ront sens element 
(32) the marginal rays from all three field points (45,48.50) would 
intersect at point (52) as shown by the ray construction in dotted lines 
Point (52) defines the upper edge of the of the aperture stop of the 
compound lens (30) of Figure 2. The addition of the front lens element 
(32) refracts the marginal rays at its rear surface (b) so that they 
intersect at point (54) which is the upper edge of the exit pupil of the 
compound lens (46) The exit pupil is the image of the aperture stop at 
the image side of the aperture stop, and so lies in a plane (46) 
perpendicular to the optical axis (42) and is bounded by intersection 
points (54). The front lens element (32) is designed so that the 
intersection points (54) lie at the circumference of the front surface (a) of 
the front lens element (32) The compound lens (30) is designed so that 
the circumference of the front surface (a) of the front lens element (32) 
is greater than any other circumference of a iens element used in the 
compound lens. In this way adjacent compound lenses (30) can be 
placed together in an array with their exit pupils abutting. 

The aperture stop is a virtual image of the exit pupil. The height of the 
aperture stop is the distance from the point (52) to the optical axis (42) 
and the height of the marginal ray at the exit pupi! is the distance from 
the point (54) to the optical axis (42). It can be seen that the marginal 
ray heights ail the way through the front lens element (32) are less than 
the marginal ray height at the exit pupil 

It should be noted that the front iens element (32) could be a compound 
lens element comprising more than one lens e'ement. 

The compound lens (30) is designed as indicated above using the Code 
V software package. It is designed in accordance with the following 
methcd the steos cf wrrch are shown in F.gire 7 
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1. Define the material of the front lens (32), which in the 
Figure 2 example is F5 SCHOTT optical glass (Box 80, 
Figure 7). 

5 

2 Define the diameter of the front lens element (32) (Box 
82). 

3. Define the radius of curvature of the front surface (a) 
10 and the rear surface (b) of the front lens element (32) (Box 

84). 

4. Define the location of the exit pupil to be in the plane 
perpendicular to the optical axis of the compound lens 

15 which intersects the edge of the front surface (a) of the 

front lens (32) and define the exit pupil to be bounded by 
the circumference of the front surface (a) of the front lens 
(32) (Box 86). 

20 5. Use the ray tracing Code V software to find the 

diameter and location of the aperture stop (40) by tracing 
the marginal rays (which pass through the edge of the exit 
pupil) through the front lens element (32) (Box 88). 

25 6. Repeat steps 1 to 5 (Boxes 80 to 90 - via 92) until the 

aperture stop has a smaller diameter than the exit pupil 
and the marginal ray height as it is traced through the front 
lens element is lower than at the exit pupil Then fix the 
above defined parameters (Box 96 - via 94). 



30 



WO 01/06299 PCT/G BOO/02736 

13 



7. Define the diameters of the remaining lens elements of 
the compound lens to be less that the diameter of the front 
lens element (32) (Box 98). 

5 8. Define the function of the compound lens, for example 

in the Figure 2 example, the compound lens (30) is 
defined as a finite conjugate lens with specified object and 
image distances (Box 100) and design remainder of 
compound lens using Code V software (Box 102) without 
10 altering the relationship between the exit pupil and the 

marginal ray height through the front lens element. 

Examples of two further compound lenses in accordance with the 
present invention and designed in accordance with the above method 
15 are shown in Figures 5 and 6. 

The compound lens (60) shown in Figure 5 comprises four lens 
elements (62,64,66,68) comprising eight lens surfaces (a to h). The 
lens element (62) is the front lens element and faces towards the screen 

20 (8a) or field lens (8b) in the arrangements of Figures 1a and 1b 
respectively. The front lens element (62) is made of SF57 SCHOTT 
glass and has a front surface (a) with a radius of curvature of 10.00mm 
and a rear surface (b) with a radius of curvature 13.78mm and a 
thickness along its optical axis (42) of 1.45mm. It should be noted that 

25 the principle ray (44) crosses the optical axis (42) of the compound lens 
(60) at the rear surface (b) of the front lens element (62) and so the 
aperture stop of the compound lens (60) lies in the plane (40) 
perpendicular to the optical axis (42) and which intersects the optical 
axis (42) at said rear surface (b). A second lens element (64) is located 

30 behind the rear surface (b) of the front lens element (62) at a distance 
along the optical axis (42) of the lens elements of 0.30mm. The second 
lens eiement (64) is made of SSK2 SCHOTT glass and has a front 
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surface (c) with a radius of curvature 10.16mm and a rear surface (d) 
with a radius of curvature -30.65mm and a thickness along its optical 
axis (42) of 3.11mm. A third lens element (66) is located behind the 
rear surface (d) of the second lens element (64) at a distance along the 
5 optical axis (42) of the lens elements of 0.34mm. The third lens element 
(66) is made of SF59 SCHOTT glass and has a front surface (e) with a 
radius of curvature -24.66mm and a rear surface (f) with a radius of 
curvature of 7.21mm and a thickness along its optical axis (42) of 
4.07mm. A rear lens element (68) made of SF59 SCHOTT glass is 
10 located behind the rear surface (f; of the third iens element (66) at a 
distance along the optical axis (42) of the lens elements of 1.46mm. 
The rear lens element (68) has a front surface (g) with a radius of 
curvature of 16.10mm and a rear surface (h) with a radius of curvature 
of -51.68mm and a thickness along its optical axis (42) of 1.14mm. 

15 

The exit pupil of the compound lens (60) is located in the plane (46) 
shown in dotted lines in Figure 5 and is bounded by the circumference 
of the front surface (a) of the front lens element (62). 

20 The compound lens (70) shown in Figure 6 comprises four lens 
elements (72,74,76,78) comprising eight lens surfaces (a to h). The 
lens element (72) is the front lens element and faces towards the screen 
(8a) or field lens (8b) in the arrangements of Figures 1a and 1b 
respectively. The front lens element (72) is made of SF57 SCHOTT 

25 glass and has a front surface (a) with a radius of curvature of 10.00mm 
and a rear surface (b) with a radius of curvature 13.78mm and a 
thickness along its optical axis (42) of 1.45mm. It should be noted that 
the principle ray (44) crosses the optical axis (42) of the compound iens 
(70) at the rear surface (b) of the front lens element (72) and so the 

30 aperture stop of the compound lens (70) lies in the plane (40) 
perpendicular to the optical axis (42) and which intersects the optical 
axis (42) at said rear surface (b). A second lens element (74) abuts the 



